. A global 3-D ocean model for PCBs: Benchmark compounds for understanding the impacts of global change on neutral persistent organic pollutants. Global Biogeochemical Cycles, 33,[469][470][471][472][473][474][475][476] [477] [478] [479] [480] [481] • Climate change will have the greatest impacts on the chemical lifetimes and distributions 26 of volatile persistent organic pollutants. 27
Key Points 24 25
• Climate change will have the greatest impacts on the chemical lifetimes and distributions 26 of volatile persistent organic pollutants. 27
• Marine sediment has sequestered 75% of cumulative releases of polychlorinated 28 biphenyls since the onset of production in 1930. 29
• Arctic sea ice retreat is likely to enhance losses of volatile congeners but increase net 30 deposition of higher molecular weight congeners. 31 32
Introduction

52
Human activities release large numbers of persistent organic pollutants (POPs) to the 53 environment, hundreds of which are known to be persistent, bioaccumulate in food webs, and 54 may pose health risks to exposed wildlife and humans [Scheringer et al., 2012] . The ocean is a 55
terminal sink for many of these chemicals, some of which are regulated internationally under the 56 Stockholm Convention [Lohmann et al., 2007; UNEP, 2001] . Multimedia box models have been 57 continued product use trends suggested by the same authors [Breivik et al., 2007] . We neglected 122 inputs to the ocean other than atmospheric deposition because other work suggests they are small 123 [Jurado et al., 2004; Lammel and Stemmler, 2012] . 124
Model parameterization and sensitivity analysis 125
Air-sea exchange of PCBs was modeled using a standard two-layer thin film transfer 126 model [Johnson, 2010] . Chemical evasion in the polar oceans is thought to be enhanced by 127 turbulence from sea ice-rafting [Loose et al., 2014] . We thus doubled the piston velocity over 128 regions partially covered with sea-ice, following previous work [Zhang et al., 2015] . Model 129 parameters for air-sea exchange of PCBs are provided in the supporting information (Table S1 PCBs rapidly reach equilibrium between the dissolved and solid phases in seawater 134 . Partitioning to suspended particles was therefore represented as a reversible 135 equilibrium based on an empirically measured organic carbon partition coefficient (KOC) adjusted 136 for temperature and salinity . The physicochemical properties of the four 137 congeners are detailed in the supporting information (Table S2) Table S3 ). The atmospheric model used to force our ocean simulation has a 205 relatively coarse resolution (4°×5°) and when combined with the narrow shape of the 206 Mediterranean Sea produces anomalous deposition patterns due to multiple atmospheric grid 207 cells that contain only a small fraction of water. We thus focus model evaluation on the Arctic 208
Ocean. 209
Median modeled concentrations overlap with the measured ranges in surface seawater for 210 all four PCB congeners and capture important spatial patterns (Figure 1 and 2 Hemisphere ocean reservoirs increased from 30% to 54% of the global total. These results 261 illustrate the role of the Northern Hemisphere oceans as an ongoing exporter of historic pollution 262 to the equatorial and southern ocean basins over multi-decadal timescales. 263 Globally, we find modeled particle-associated scavenging of PCBs from the upper ocean 282 accounted for 69% of total losses in 2015 (Figure 6b , Table S4 ). This is consistent with 283 observational studies that have suggested the marine biological pump is a globally significant 284 Table S4 ). The Arctic 287
Major biogeochemical processes driving global distribution 264
Ocean has a water column depth of less than 1000 m in many regions due to an expansive 288 continental shelf. Thus, particle-associated removal is reflected by burial in benthic sediment in 289 the Arctic basin (42% of the 4PCBs losses), as has been noted elsewhere [Sobek and 290 Gustafsson, 2014] . 291
The importance of other PCB removal processes from the upper ocean varies spatially 292 and by congener. Globally, evasion accounts for 16% of total losses from the upper ocean, 293 degradation for 11%, and deep water formation for 4% (Figure 6b , Table S4 ). For the higher 294 molecular weight congeners (CB-153 and CB-180), scavenging by particles is the dominant 295 removal process across all basins (59-97%, Figure 6b , Table S4 ). These two compounds have log 296 octanol water partition coefficients (Kow) of greater than 7.31, which is linearly related to their 297 Koc (upper bound greater than 8.31) and a good proxy for partitioning to lipids [Chiou, 1985; 298 Sobek et al., 2004] . Table S4 ). This reflects higher winter wind speeds in Northern Hemisphere oceans 305 that enhance PCB losses through evasion and greater shortwave radiation intensity near the 306 tropics that enhance water column degradation. Removal processes for CB-101 in the upper 307 ocean are diverse and depend on basin specific characteristics. The lack of a single dominant 308 removal process for lower molecular weight PCB congeners demonstrates that the removal of 309 some POPs can only be determined after characterizing basin-specific differences in 310 biogeochemical properties. 311
Prior work suggests that accumulation of persistent organic contaminants in the 312 subsurface ocean may provide an ongoing source to the surface ocean and atmosphere after 313 elimination of primary emissions sources [Hung et al., 2016; Stemmler and Lammel, 2013] . 314
These studies have proposed that the ocean could act as source rather than sink for some legacy 315
POPs due to mixing, seasonal entrainment of the mixed layer, and diffusion of volatile chemicals 316 back to the surface ocean, followed by evasion to the atmosphere [Lohmann et For CB-28, we find an upper ocean response lag of ten years and a short half-life against 324 evasion (2 months) in ocean surface mixed layer (Figure 3, 4 and 6 ). Vertical transport 325 contributes similar amounts of CB-28 (9 Mg) and CB-153 (10 Mg) to the mixed layer (upper 326 55m). However, the ratio of inputs to losses of CB-153 (1.0) in the mixed layer is less than half 327 that of CB-28 (2.5), mainly due to rapid particle-associated removal and downward vertical 328 transport (Figure 3 ). Thus, model results suggest in ocean basins with significant evasion, such 329 as the Arctic, North Pacific and Atlantic Oceans, the subsurface PCB reservoir is a potential 330 source of more volatile congeners to the atmosphere. Our findings show that differing 331 meteorological conditions between basins drive removal of lighter molecular weight congeners 332 indicating they will be affected more strongly by climate-driven changes to ocean 333 biogeochemistry. 334
Climate-driven changes in the Arctic Ocean 335
In the Arctic, global temperature anomalies are two times higher than the global average 336 higher molecular weight PCB congeners, particle-associated removal dominates losses across all 405 basins but a combination of evasion, degradation, particle settling and lateral transport is 406 important for the lighter molecular weight congener removal. For the lighter molecular weight 407 congeners, basin-specific biogeochemical conditions such as high winds in the North Atlantic 408 determine the major loss processes, suggesting the importance of future climate-driven changes 409 in the global oceans for the fate of many anthropogenic pollutants. Differences among high and 410 low molecular weight PCB congeners observed in this study may be more pronounced for 411 neutral hydrophobic POPs with stable or increasing emissions. 412
Increases in seawater temperature, changes in circulation and reductions in sea-ice cover 413 between 1992 and 2015 in the Arctic Ocean increased evasion of the lowest molecular weight 414 PCB (CB-28). A small increase in net deposition to the surface ocean occurred for CB-153 due 415 to sorption to particles and thus greater stability in seawater. Continued declines in sea-ice cover 416 and increases in seawater temperature are projected for the next several decades [IPCC, 2014] . 417
Thus, increases in Arctic seawater concentrations of some persistent pollutants (e.g. CB-153) and 418 neutral POPs with high Kow (>7.3 in this study), but decreases for more volatile compounds (e.g. 419 CB-28), may be expected. Potential climate-driven mobilization of legacy POP reservoirs in 420 permafrost, glaciers and sea-ice should also be considered [AMAP, 2016a] . 421
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